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ABSTRACT 

The presence of detrital uraninite and pyrite in fluvial placers of the Witwatersrand basin, 
South Africa, has been used to infer low levels or atmospheric oxygen during the Archean (>2500 
:\'la). However, recent studies advocate a hydrothermal origin for these minerals, thereby limit­

ing their value as constraints on the composition of the early atmosphere. In contrast, ca. 
3250-2750 Ma Duvial siliciclastic sediments from the Pilbara Craton inAustralia have never un­

dergone signift<:ant hydrothermal alteration, and their heavy minerals are of unequivocal detri­
tal origin. These heavy minerals include the redox-sensitive phases pyrite, uraninite, and gcrs­

dorffitc, along with more inert zircon, rutile, chromite, and monazitc. Locally, siderite is a major 
constituent (to 90%) of the heavy mineral population, with grains displaying evidence for sev­

eral episodes of erosion, rounding, and subsequent authigenic overgrowth. Detrital sideritc is 
very rare in post-Archean sandstones, largely due to its instability in oxidizing em,ifonments. 

However, its frequent survival of prolonged transport in well-mixed and therefore well-aerated 
Archean rh•er waters that contained little organic matter strongly implies that the contempo­
rary atmosphere was indeed much less oxidizing than at present. Moreover, concentrations of 
reduced sulfur species must have been very low in surface Duids for siderite to survive repeated 

transportation e\'ents without pyritization. 

INTRODUCTION 
It is widely accepted that the surface environ­

ment of theArchean Earth was less oxidizing than 
now (e.g., Des Marais, 1994). However, this has 

been difficult to prove, Jet alone quantify, so much 
so that a small but significant group of scientists 
maintains that redox conditions in 01eArchean hy­
drosphere and atmosphere did not differ greatly 
from those prevailing today (Clemmey and Bad­
ham, 1982; Towe, 1991;Ohmoto, 1996).lt is nota 
trivial dispute, as the issue bears upon the tempo­
ral distribution of economic minerals and the evo­
lutionary history of microbial organisms. 

Geological indicators ofless-oxidizing Archean 
environments include the absence of red-beds, 
the existence of banded iron-formations, the 
prevalence of iron-depleted palcosols, and the 
occurrence of unusual detrital minerals. Par­
ticularly important is the purported presence of 
detrital uraninite and pyrite in the Wit­
watersrand basin of South Africa (Ramdohr, 

1958; Schidlowski, 1981) as this has provided 
some of the best quantitative estimates ( <10-2

present atmospheric level [PAL]) of atmos­
pheric 0

2 
during the Archean (Grandstaff, 

1980; Holland, 1984). However, many workers 
( e.g., Phillips et al., 1987; Bamicoat et al., 
1997) advocate a hydrothermal mode of for­

mation for these minerals, in which case the 

minerals would indicate little or nothing about 
surficial environments. 

With that debate in mind, this paper attempts 
to constrain the composition of the atmosphere 
during part of the Archean (ca. 3250-2750 Ma) 
using heavy mineral suites in terrestrial sand­
stones from the Pilbara Craton of Australia. 
There, metamorphism has been less severe and 
hydrothennaJ alteration less intense than in simi­
larly ancient rocks elsewhere, so a detrital origin 
for the heavy minerals is less equivocal. The most 
significant of these minerals is siderite, a highly 
redox-sensitive phase that has not previously 
been described as a detrital component of Ar­
chean sedimentary rocks. From its petrologic re­
lationships and sedimentary setting, it evidently 
survived prolonged transport in well-aerated wa­
ter and can therefore be used as an indicator of 
the composition of the ambient a1rnosphere. 

Methods 
Four sandstone-conglomerate successions in 

the Pilbara Craton (Table 1) spanning ca. 
3250-2750 Ma were sampled from diamond­

drill core and outcrop. Polished thin sections 
(~JOO) were examined with a polarizing micro­
scope, and a JEOL JSM-6400 scanning micro­
scope equipped with a Link Systems energy-dis­

persive X-ray micrnanalyzer. 
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Geologic Setting 
Fortescue Group sandstones were deposited 

between 2770 and 2715 Ma in a series ofnorth­
northeast-trending half-grabens created during 

the early stages of a continental breakup event

(Blake, 1993). The sandstones were deposited 
by braided rivers that flowed for many tens of 
kilometers parallel to the slmctural trend (Blake, 
1993). The trough-cross-bedded sandstones are 
mature, moderately to well sorted, and consist of 
rounded quartz with minor reldspar, lithic frag­
ments, and heavy minerals. Framework grains 
are surrounded by quartz cement and sericite 
matrix, the latter significantly devoid of organic 
matter. Heavy minerals (Table I) are concen­
trated in seams along foreset planes and scour 
surfaces. Uraninite and thorite occur as inclu­
sions within bitumen nodules. The rocks are 
only slightly deformed, and metamorphism 
never exceeded prehnite-pumpellyite facies 

(Smith ct al., 1982). Other postdepositional al­
teration has been negligible. 

The Lalla Rookh Formation was deposited in 
a strike-slip basin ca. 3000-2950 Ma (Krapez, 
1996). The axial region of the basin contained a 
braided-river system many tens of kilometers 
long that flowed into a terminal lake and was fed 
by marginal alluvial fans (Krapez, 1996). T he 

fluvial sandstones are trough-cross-bedded, mod-
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TABLE 1. HEAVY MINERAL ASSEMBLAGES IN ARCHEAN CONGLOMERATE-SANDSTONE 
SUCCESSIONS FROM THE PILBARA CRATON 

Average concentralion of heavy mineral species 

Sooirnenta,y formation 
(%) 

Pyrite Fe-o>ides • Fe-Co-Ni:As-S Siderite Uraninile Zircon Tt-oxidest Chromite Miscellaneous§ 

Fortescue Group 
Nultagine 30 0 <1 55 3 10 <1 <1 

West Piibara 80 10 0 0 0 <1 5 <1 4 

Lella Rookh FCN'mation 55 0 <1 <1 0 10 5 25 4 

Dromedary HHIS sequence 65 0 <1 0 <1 10 2 15 7 

'Iron oxide rims alter pyrite grains weatlered in the modern atmosphere. 
t Skele1al tttanium oxides after altered ilmerite and titanomagnetite grains. 
§Miscellaneous heavy mioorals include rutile. monazite, apatile, xenolime, garnet, thorite, and allanrte. 

erately to well sorted, mature quartz arenites, 
with minor feldspar, lithic fragments, and heavy 
minerals. Framework grains arc subrounded to 
rounded, and are set in quartz cement and kero­
gen-free sericite matrix. Heavy minerals (Table 
1) are concentrated on fore._�ets and horizontal
laminae in bar and channel facies. Their host
rocks are metamorphosed to prehnite-pumpel­
lyite facies and lack evidence ofhydrothcnnal al­
teration. Some postdepositional silicification has
occurred near faults and in condensed sections.

The Dromedary Hills sequence of the Mos­
quito Creek Formation is a structurally bounded 
succession deposited in a forearc basin about 
3250 Ma (Eriksson et al., 1994). The rocks, now 
schists and quartzites, have been silicified, meta­
morphosed to greenschist grade, and isoclinally 
folded. Originally, however, they were coarsen­
ing-upward beds of sandstone and conglomerate 
apparently forming bar-channel associations in a 
fluviodeltaic environment (Eriksson et al., 1994). 
The dimensions of the sediment transport system 
are unknown due to structural disruption. The 
sandstones are relatively mature, moderately 
sorted, and contain subangular to rounded quartz 
with minor feldspar, Jithic fragments, and heavy 
minerals in a quartz cement and a sericite-chlo­
rite matrix. Heavy minerals (Table I) are concen­
trated in bar facies. 

REDOX-SEI\SITTVE HEAVY MINERALS 

Pyrite and Other Sulfides 

Pyrite is typically the most abundant heavy 
mineral (Table 1). The grains (average 0.3 mm in 
size) are mostly subrounded to rounded and com­
monly display complex compositional banding 
which is truncated at grain boundaries (Fig. lA). 
Subangular to rounded Fe-Ki-Co sulfide and sul­
farsenide grains, most notably gersdorffite, are 
also present in low abundance (Table 1) and are 
similar in size to adjacent pyrite grains. In out­
crop samples, rounded sulfide and sulfarsenide 
grains are partly to entirely replaced by Fe-ox­
ides, a modem weatl1ering phenomenon. 

Uraninite 

Uraninite occurs in the Dromedary Hills se­
quence and the Fortescue Group. In the former, 
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subangular to subrounded grains are rare con­
stituents of heavy mineral seams. Minute blocky 
inclusions (<10 pm) are also scattered through 
the bitumen nodules prevalent in such laminae. 
These inclusions are apparently relics of detrital 
uraninite grains that were fragmented during dia­
genesis by bitumen growth along intragranular 
fractures as a result of radiation-induced poly­
merization of fluid hydrocarbons (Buick et al., 
1998). In the Fortescue Group, nraninite is solely 
present as inclusions in bitumen nodules. 

Siderite 

Siderite grains arc present in the Fortescue 
Group and Lalla Rookh Formation (Table 1), 
where they form the main component of some 
heavy mineral seams (Fig. lB}. Most grains 
range in size from 0.1 to 1.0 mm (average ---0.4 
mm) and are now angular, although their current
size and shape result from syntaxial overgrowth
by diagenetic sidcrite (fig. l C). Backscattered
electron (BSE) images show that most sideritc
grains contain a spherical to oval, subrounded to
well-rounded core which displays complex com­
positional banding (Fig. 1D and E). These inter­
nal bands are truncated at the rounded core
boundary by an outer rim that has itself been
partly rounded. In places, the rim contains con­
centric bands of fluid inclusions (Fig. IF). Evi­
dently, the rounded cores were primary detrital
grains around which siderite precipitated during
early diagenesis, only to be exhumed, trans­
ported, rounded, deposited, and overgrown again. 

DISCUSSION 

Dctrital Origin 
Although authigenic pyrite and siderite crys­

tals are present in samples from the Pilbara 
Craton, a detrital origin can be readily demon­
strated for most of these redox-sensi tive con­
stituents. Important criteria for recognizing detri­
tal minerals include appropriate relative size of 
grains of differing density (indicating attainment 
ofhydtaulic equivalence), appropriate relative 
rounding of grains of differing hardness (indicat­
ing equivalent degrees of abrasion), truncation of 
internal compositional zoning by rounded sur­
faces (indicating abrasive rather than accretional 

or dissolutional rounding), strong sedimentolog­
ical control of grain distribution ( concentrated on 
bedding planes or erosional surfaces), and inti­
mate association with rounded grains of inert 
heavy minerals (zircon or chromite). All rounded 
siderite, py1ite, and other sulfide grains in the Pil­
bara samples satisfy most, if not all, of these cri­
teria, so (heir detrital origin is unequivocal. The 
only phase of doubtful origin is the uraninite in 
the Fortescue samples, consisting solely of inclu­
sions in bitumen nodules. However, by analogy 
to similar material in the Dromedary Hills se­
quence that clearly represents fragmented detrital 
grains, a detrital precursor can also be interred for 
these. The alternative possibility, precipitation 
from an oxidized hydrothermal fluid that was re­
duced by a hydrocarbon phase (cf. Gray ct al., 
1998), is unlikely, because there is no other evi­
dence of uranium mobility and similar fragmen­
tation textures occur in nodules containing the re­
fractory radioactive mineral thorite. 

Provenance and Preservation 

Many factors other than water chemistry affect 
the composition of redox-sensitive detrital min­
eral assemblages prescived in sedimentary rocks 
(Morton, 1985), particularly the topography and 
climate of the provenance area. For example, in 
arid, glacial, or montane environments, rates of 
chemical weathering may be substantially re­
duced, a11owing minerals normally unstable under 
ambient conditions to sUIVive in elastic sediments 
close to their source. In the Pilbara Craton, !he 
proximity of the source region is unknown only 
for the Dromedary Hills sequence. For the Fortes­
cue and Lalla Rookh samples, there is no strong 
evidence of highly arid or glacial conditions, but a 
rugged source terrain is indicated by steep slopes 
on erosion surfaces, talus breccias, and debris­
flow deposits (Blake, 1993; Krapez, 1996). How­
ever, none of the samples came from such proxi­
mal deposits, so some transportation away from 
the source region has occurred. 

Transport History 

Different mineral phases in the Pilbara sam­
ples have probably undergone varying amounts 
of transportation. Uraninite, pyrite, and gersdorf-
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Figure 1. A: Rounded pyrite grain with compositional banding truncated at grain surfaces. 
Backscattered electron (BSE) image, Dromedary Hills sequence. B: Heavy mineral band of 
siderite (light gray) with syntaxial overgrowths (medium gray), zircon (white), and pyrite (white). 
BSE image, Fortescue Group, Nullagine sub-basin. C: Closeup of rounded slderite grain with 
syntaxial overgrowths (gray to black). BSE image, Fortescue Group, Nullagine sub-basin. 0: 
Same as C, using high-contrast BSE imaging that reveals a rounded core of compositionally
banded sfderite. Note truncation of banded core. BSE image, Fortescue Group, Nullagine sub­
basin. E: Rounded siderite grain, with core of compositionally banded siderfte and syntaxial 
overgrowths (gray to black). BSE Image, Fortescue Group, Nullagine sub-basin. F: Closeup of 
siderite grain with banded core truncated by outer rim of concentric bands (-25 1,1m thick). BSE
image, Fortescue Group, Nullaglne sub-basin. 

fite are all relatively resistant to abrasion, having 
hardnesses of 5 or more on the Mohs scale. Be­
cause they are generally well rounded, at least as 
much as accompanying quartz, they were proba­
bly in transport for a considerable time. Siderite, 
which is quite soft (3.75-4.25 hardness), might 
not be expected to survive prolonged transport in 
quartz-dominated fluvial bedload. However, sim­
ilarly soft and brittle minerals such as wolframite 
and xenotime are reasonably abundant detrital 
phases in modem mature quartzose sands. More­
over, the Pilbara siderite shows evidence of two 
episodes of erosion, transportation and deposi­
tion in the fonn of rounded overgrowths over the 
original rounded grain core�, indicating trans­
portation over substantia l distances. So, because 
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the Pilbara sedimentary basins contained lengthy 
river systems and the heavy mineral samples arc 
not notably proximal to source, all redox-sensi­
tive heavy minerals probably traveled many lcilo­
meters before ultimate deposition. 

Atmospheric Equilibration 

The braided rivers that transported the Pilbara 
sand�toncs were turbulent, shown by the abun­
dance of trough-cross-bedding, and hence, would 
have been well aerated. They evidently carried a 
negligible load of organic particulates, as sand­
stone matrices are kerogen-free. If dissolved 
organic compounds were similarly scarce, as 
they probably were, the redox state of the river 
water should reflect that of the atmosphere. So, 

detrital minerals would have had ample opportu­
nity for reaction with dissolved atmospheric 
gases while being transported as fluvial bedload, 
especially the sideritc grains that underwent sev­
eral episodes of transport. Evidently then, rcdox 
reaction kinetics were quite slow due to low at­
mospheric partial pressures of oxidizing gases, 
thus reducing rates of reactive mineral destruc­
tion in the detrital assemblage. 

Pyrite and Uraninite 

Detrital pyrite and uraninite arc very rare in 
sedimentary rocks younger than ca. 2000 Ma, be­
ing mostly restricted to cold climates where 
chemical weatheJing is retarded or to mountain­
ous terrains where immature sediments are rap­
idly deposited (e.g., upper reaches of the Indus 
River; Maynard etal., 1991). TI1eir scarcity may 
be explained by the physical and chemical insta­
bility of both minerals in oxidizing conditions 
(Holland, 1984). Due to this redox sensitivity, the 
apparent detrital origin ofuraninite and pyrite 
grains in Archean sandstones, particularly those 
of the auriferous Witwatersrand Supergroup of 
South Africa (e.g., Ramdohr, 1958; Smith and 
Minter, 1980; Reimer and Mossman, 1990), has 
been used to constrain attnospheric oxygen levels 
at the time of sediment deposition. Most notably, 
Grandstaff (1980) estimated that atmospheric 
PO? (P = partial pressure) must have been below 
I o::2 to 10· 6 PAL for detrital uraninite to survive. 

Recently, however, the del'rital origin ofWit­
watcrsrand uraninite and pyrite has been seriously 
questioned ( e.g., Phillips et al., 1987; Bamicoat el 
al., 1997), thereby casting doubt on the validity of 
these estimates. The revisionists argue that the 
rounded pyrite grains represent detrital Fe-oxide 
and Fe-silicate grains that were pyritized in situ by 
sulfor-bearing hydrothennal fluids. They consider 
that all uran.initc fo1med after sediment deposition 
when uranium-rich hydrothermal fluids reacted 
with hydrocamons or preexisting minerals, caus­
ing precipitation. As there is strong evidence for at 
lca.'ll some secondary pyrite and uraninite fonna­
tion in these rocks, such arguments cannot be 
lightly dismissed. 

Given the problems with the Witwatersrand 
evidence, heavy mineral suites in unmineralized 
rocks may add significantly to the debate. Ar­
chean siliciclastic successions of the Pilbara Cra­
ton are generally poor in U and Au, with no evi­
dence for hydrothermal mineralizing events. 
Because the major redox-sensitive minerals in 
these successions, pyrite with locally significant 
uraninitc, arc evidently detrital, they were capa­
ble oflengthy survival in the contemporary surfi­
cial environment. Thus, the Grandstaff estimates 
still stand, even if on different foundations. 

Siderite 

Siderite is extremely rare as a detrital com­
ponent of sedimentary rocks, particularly sand­
stone (Milner, 1962). Its modern detrital occur-
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rences are generally limited to angular grains in 
highly immature sediments derived ftom largely 
unweathered terrains and deposited very close to 
their source (Davidson and Cosgrove, 1955; 
Mange and Maurer, 1 <J92). (ts general absence is 
due to its instability in oxic conditions, where it 
r.ipidJy reacts with free 0

2 
to form ferric oxides 

(Bemer, 1 981).  Hence, siderite is highly unlikely 
to survive prolonged weathering and transport 
under contemporary atmospheric conditions. 

The absence of dettital siderite grains in silici­
c)astic sediments of the Witwatersrand and 
Huronian Supergroups has been used to infer the 
chemical instability of sideritc in Archean fluvial 
environments, and thereby to constrain the chem­
istry of the atmosphere (Krupp et al., 1994). How­
ever, as noted here, detrital siderite grains are lo­
cally abundant in several Pilbara siliciclastic 
successions. Moreover, they occur in cross-bedded 
braided-stream deposits, which indicates trans­
portation in fast-flowing, turbulent water that was 
well mixed wiih the atmosphere. They were car­
ried a considerable distance in this well-aerated 
medium and some persisted through two cycles of 
weathering, transportation, and diagcnesis. This 
strongly suggests that sidcrite was only slowly 
chemically degraded in Archean river water and 
thus that 1he atmosphere was less oxidizing. 

CONCLUSIONS 

Under modern conditions, uraninite, pyrite , 
and siderite are rapidly oxidized upon exposure 
to the atmosphere, and rarely survive as detrital 
components in sediments or sedimentary rocks. 
ln the Pilbara sandstones, the absence of any 
signs of chemical reaction between these redox­
sensitive heavy minerals and the ambient fluids 
suggests a markedly di ffercnt ;;cenario. The per­
sistence of these minerals as detrital grains during 
prolonged transportation in organic--poor tluvial 
environments indicates that Archean river water, 
and hence the early atmosphere, was signifi­
cantly less oxidizing than now (possibly < 1 0---0 

moles per liter; Bemer, 1981). As the rivers were 
evidently turbulent and thus well-aerated, the Ar­
chean atmosphere was abnost certainly less oxy­
genated too. Siderite is also unstable in the pres­
ence of reduced sulfur, readily forming pyrite, so 
H,S concentrations in weathering profiles and 
surface waters must also have been very low. 
This implies atmospheric H2S levels <10··5 attn 
for all likely values of P C<n and P H2 in the Ar­
chean atmosphere (Holland, 1984, p. 107). 

These concl usions bear out the mounting 
geologic evidence from palcosols and sedimen­
tary precipitates for a less-oxidizing Archean 
atmosphere (Rye and Holland, 1 998). This is 
supported further by isotopic data from biogeo­
chemical elements that indicate major changes in 
·heir cycling since ca. 2700 Ma (Hayes, 1994). It 
• difficult to determine how much less oxidizing 

. .:..::.:.._ 

the Archean atmosphere was, because most 
indicators are at best semiquantitative (Holland, 
1994). However, detailed thermodynamic and 
kinetic studies of sidcrite stability with respect to 
En. pH, P CO:! and P H,s should yield more precise 
estimates of Archean P 0, because this mineral is 
particularly sensitive to the rcdox state of the 
environment. 
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